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Abstract
Intermediate level waste containers are used for the storage of an assortment of radioactive waste. This waste is heat-
generating and needs monitoring and so this work was undertaken to determine whether the mean internal container
temperature can be inferred from the temperature of the vent. By using two independent thermometry techniques –
phosphor thermometry and thermal imaging – the internal temperature was demonstrated to be proportional to the
vent temperature as measured by both methods. The correlation is linear and given suitable characterisation could
provide robust indication of the internal bulk temperature.
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1. Scope of Work
Nuclear fission is a major part of the energy infrastruc-
ture of the UK. However the decommissioning of nuclear
facilities requires the safe and sustainable storage of its
spent fuel and other radioactive by-products. One form of
this waste, intermediate level waste (ILW), mostly com-
prises nuclear reactor components, graphite and sludges
from the treatment of radioactive liquid effluents [1]. Typ-
ically ILW is stored in cylindrical steel containers, shown
in Figure 3. The container has a pair of dewatering tubes,
a sintered gauze above the waste and a meshed vent on
the lid.
ILW containers are stored in ventilated engineered stores
but a qualitative inspection method to assess the physical
properties of each drum (e.g. dimension, mass or temper-
ature) does not currently exist. The objective in this work
is to answer whether internal container temperature can
be inferred from the temperature of the vent.
Two methods were used to determine the vent temper-
ature: thermal imaging and phosphor thermometry. Both
are non-contact methods, reducing the complexity for any
future integration, as well as being instantaneous and dy-
namic. The temperatures obtained by the two methods
were compared against those determined from the inter-
nal contact thermometers.
It is currently not understood whether the phosphor
thermometry method proposed in this work would be suit-
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able with intermediate or high level waste, due to the
gamma radiation flux influencing measurement. This will
be addressed in future studies.
This work was performed at the National Physical Lab-
oratory (NPL). The temperature group at NPL houses the
realisation of the International Temperature Scale of 1990
(ITS-90) for the UK and has a wealth of experience in
demonstrating traceability to ITS-90 in a range of chal-
lenging environments [2]. All sensors in this work were cal-
ibrated to ITS-90, in addition end-to-end uncertainty anal-
ysis was undertaken for all measurements to ensure equiv-
alence of measurment methods could be robustly demon-
strated.
2. Introduction to the Measurement Methods
2.1. Thermal imaging
The physics of thermal imagers is an extension of ra-
diation thermometry, which is based on determining the
spectral intensity I emitted by a surface and which is de-
scribed by the Planck distribution law [3]. The signal mea-
sured by each pixel of a thermal imager is proportional to
the intensity emitted by the surface being measured.
I(λ, T, θ, φ) =
ε(λ, T, θ, φ)c1
λ5 [exp(c2/λT )− 1] (1)
Spectral intensity is a function of the surface emissiv-
ity ε, wavelength λ, temperature of the surface T and the
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Figure 1: A schematic detailing the vent arrangement on the con-
tainer lid. This depicts the geometrical enhancement of emissivity.
first and second radiation constants c1 and c2. The emis-
sivity of a surface describes how efficiently that surface
can absorb and emit thermal radiation. Emissivity is it-
self dependent on the wavelength, the temperature, and
both polar and azimuthal angles of measurement (θ, φ).
Emissivity is typically the largest contributor of un-
certainty to radiation thermometry due to the sparcity of
data, its variability with material, surface finish, temper-
ature dependence and spectral distribution.
Part of this investigation was to assess whether the ge-
ometry of the vent at the top of the ILW drum enhanced
the emissivity, enabling more robust non-contact temper-
ature measurement. It is known that geometric enhace-
ment of emissivity exists due to surface features such as
holes and wedges [4, 5]. By making use of multiple reflec-
tions and surface cavities, the emissivity can be increased
to reduce temperature errors, a fact taken advantage of as
below (see Figure 1). The emissivity of a surface can also
be increased through the application of a high emissivity
coating.
Due to the unknown angular variation of emissivity for
a surface, and whether this is specular or diffuse, the angu-
lar variation of spectral intensity is unknown. If the surface
is particularly specular, it is known that at angles far from
normal, the emissivity will be lower and hence the mea-
sured temperature will be lower than at normal angles [6].
Both this effect and the geometrical enhancement would
in this case compete to potentially normalise the angular
variation of temperature across the vent surface.
2.2. Phosphor thermometry
Phosphor thermometry provides a method to remotely
determine the temperature of a surface that is independent
of both surface emissivity and background thermal radi-
ation. The technique requires a thin coating of thermo-
graphic phosphor mixed with a binder (less than 150 µm in
thickness) to be sprayed on the surface, this is then interro-
gated optically. The phosphor used within this study was
manganese-activated mangnesium fluorogerminate Mg4FGeO6:Mn.
The phosphor used was excited with violet light (420 nm)
and, once the excitation was removed, the phosphores-
cence decay at 660 nm was measured and the decay time,
which can be directly related to temperature through cal-
ibration, determined as
I(t) = I0 exp
−t/τ (2)
and the decay time τ is determined from a least squares
fit of Equation 2 to the measurement data. Where I(t)
is the intensity at a time t and I0 is the initial intensity.
Figure 2 shows typical decay curves for the phosphor used
in this investigation from 35 ◦C to 115 ◦C. For the ILW
measurements, a spot measurement system was used [7].
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Figure 2: Typical decay curves for the phosphor-binder combination
used throughout this work.
To determine the surface temperature from the mea-
sured decay time a calibration is required: this was per-
formed as follows. A thin phosphor coating was applied
to a stainless steel calibration target and the decay time
versus temperature was determined over the temperature
range 20 ◦C to 525 ◦C. The target incorporated three cali-
brated (type N, 1 mm diameter) mineral insulated thermo-
couples placed at depths of 2 mm, 7 mm and 12 mm below
the surface such that their tips were located centrally and
aligned axially within the target. The true surface tem-
perature was determined by linear extrapolation of these
three measurements.
3. Measurements
A schematic of the ILW container (hereafter referred to
as the drum) is seen in Figure 3. In order to supply heat
to the drum, two heaters were placed at the bottom of
the drum. The heaters were each connected to a benchtop
controller that regulated the power to the heaters, in order
to obtain a stable temperature setpoint.
Four class A thin film Pt100 platinum resistance ther-
mometers (PRTs) [8] were each potted in a 40 mm long
cylinder (4 mm in diameter). These PRTs were fixed to
the internal dewatering tubes (seen in Figure 3) within
the drum to provide a measurement of the internal bulk
temperature. A compressed air line was passed into the
drum to provide a comparable environment to in-storage
drums. Typical flow rates during measurement were nom-
inally less than 0.4 L min−1.
For this investigation two thermal imaging systems were
employed: the long-wave infrared (LWIR) (7.5 µm to 13.5 µm)
FLIR Tau 2 microbolometer and the medium-wave in-
frared (MWIR) (2.0 µm to 5.7 µm) InfraTec ImageIR 8300
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Figure 3: A schematic showing the internal instrumentation of the
drum. Distances were measured from the bottom of the drum to the
top of the PRT. The angles of observation depict the positions used
for the thermal imagers.
indium antimonide photon detector. Both were equivalent
in array size (640 × 512 px) but exhibit different thermal
sensitivies and form factors.
In order to measure any angular dependency of the
temperature measured from a thermal imager, the imagers
had to be mounted so that they could be positioned at a
number of angles about the vent of the container. The
LWIR imager was mounted on an articulated optical post
for the off-normal angles, and for the perpendicular posi-
tion a simple arm was used; the angles of incidence can be
seen in Figure 3. For the MWIR measurements, a different
setup was used and measurements at only two observation
angles were performed.
The phosphor thermometry system was originally de-
signed to be used as a hand-held surface probe. For the ex-
periments in this study, additional lenses were used which
allowed remote operation of the probe to bring the phos-
phor system out of the field of view of the thermal imager.
For the measurement of the vent, a coating of phosphor
was applied in a cross-like arrangement across the individ-
ual vents, as shown in Figure 4.
A typical image measured by a thermal imager can
be seen in Figure 4. The region coated by the phosphor
is clearly depicted by the whiter holes. To differentiate
between the two emissivity regimes, the coated holes were
defined as the high emissivity vents and the remaining were
known as the low emissivity vents. During data analysis
these two regimes were assessed separately; for each image
(at each setpoint and angle) a spot was manually placed
at the centre of each vent. This spot then defined a 3× 3
grid of pixels whose indicated temperature was averaged;
the average and standard deviation of all high emissivity
and low emissivity vents were recorded.
It should be noted that the temperatures measured by
a thermal imager have not been corrected for the emissiv-
ity of the surface measured, therefore these temperatures
should be regarded as apparent temperatures. For all ther-
mal imager temperature measurements the emissivity of
the imager was set to 1.00.
Figure 4: Typical example thermal image obtained during the mea-
surement campaign. This was from the MWIR thermal imager and
the drum set to the highest setpoint. Along two of the central axes
(highlighted), the whiter regions indicate the vents coated with phos-
phor. The phosphor has a higher emissivity than the measured sur-
face, hence appears brighter.
4. Results
This section describes the results of the thermal imag-
ing and phosphor thermometry. The measurements shown
in Figure 5 depict the temperatures measured by the LWIR
thermal imager at each setpoint through a number of dif-
ferent angles of incidence. The data shown in Figure 6
is the average of the multiple data sets for each angle and
temperature setpoint The uncertainty for each value is dis-
cussed in Section 5.
The data in Figure 7 shows both the phosphor and
LWIR thermal imager temperatures compared to the tem-
perature measured by the bottom-most PRT (PRT 4).
Each measurement is an average across each angle and
over nominally a twenty minute period.
The MWIR imager measurements are shown in Fig-
ure 8. The uncertainty in measurement is lower than that
for the LWIR imager, and there is a distinct difference
between the two angles of incidence which becomes more
apparent as the temperature increases. Figure 9 shows
the temperature difference between the two angular posi-
tions as measured by the MWIR thermal imager. The high
emissivity vents display zero temperature dependence, in
addition the low emissivity vents demonstrate an emissiv-
ity enhancement at shallow angles.
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Figure 5: Temperature measured for the low emissivity vents by the
LWIR thermal imager at each temperature setpoint across a number
of angles and through multiple measurement sets. 0° corresponds
to the imager perpendicular to the drum vents. The three data
sets labelled correspond to the bottom, middle and top temperature
setpoints from the benchtop controller.
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Figure 6: The temperature measured by the LWIR thermal imager
at each setpoint, plotted against the temperature measured by the
bottom-most PRT in the ILW container. The temperatures at each
angle and data set from Figure 5 was averaged for each point in this
plot; the error bars indicate the uncertainty from Section 5.
5. Uncertainty Budget
In this section an analysis of the uncertainty compo-
nents associated with the thermometry techniques used is
discussed.
Contact thermometry:
• Tolerance - the stated tolerance for a class A Pt100
as described in [8].
• Calibration - the maximum difference between ice
point checks before and after measurements was 0.04 ◦C.
• Ice point repeatability - the repeatability of an
ice point is known to be in the order of 0.01 ◦C.
• Stability - the largest standard deviation for each
PRT at each setpoint throughout the total measure-
ment campaign, then averaging across each PRT at
each setpoint gave values ranging from 0.03 ◦C to
0.06 ◦C.
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Figure 7: Comparison between phosphor and thermal imaging data.
The thermal imaging results were measured by the LWIR imager
and show the low emissivity vents. The line depicts the best fit of
measurement between the two systems.
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Figure 8: The temperature measured by the MWIR thermal imager
at each setpoint, plotted against the temperature measured by the
bottom-most PRT in the ILW container.
The uncertainty budget in Table 1 for the PRT mea-
surements is at the highest temperature setpoint. Taking
the quadrature summation of the components leads to a
final uncertainty of approximately 0.31 ◦C (k = 2).
Thermal imaging:
• Calibration - using the UKAS accredited proce-
dure for the calibration of thermal imagers, the cal-
ibration uncertainty of the two thermal imagers was
measured to be 0.90 ◦C and 0.15 ◦C for the LWIR
and MWIR imager.
• Sensor stability - the stability of the internal sen-
sor temperature for each imager during the measure-
ment campaign was measured; this component was
negligible for the MWIR imager, and was 0.12 ◦C for
the LWIR imager.
• Repeatability - the maximum standard deviation
of individual vents was measured to be from 0.2 ◦C to
0.9 ◦C for the LWIR and between 0.01 ◦C and 0.05 ◦C
for the MWIR imager.
• Non-uniform emissivity - the uncertainty due to
vent-to-vent emissivity variation was modelled to be
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Figure 9: From the MWIR measurements at the two angles of inci-
dence, the difference in apparent temperature between the two an-
gles (T 0°−T−50°), for each coating, is depicted. The high emissiv-
ity vents appear to be approximately independent of temperature,
whereas the low emissivity vents display a temperature dependence.
The enhancement of emissivity due to the coating is small.
between 0.2 ◦C and 0.5 ◦C for the LWIR imager, and
from 0.1 ◦C to 0.4 ◦C for the MWIR imager and coated
vents.
The uncertainty budgets in Table 1 for the thermal
imagers are at the highest temperature setpoint. Taking
the quadrature summation of the components produces
a final uncertainty of approximately 1.3 ◦C (k = 2) and
0.4 ◦C (k = 2) for the LWIR and MWIR thermal imagers.
Phosphor thermometry:
• ITS-90 traceability and surface extrapolation
- a Monte Carlo simulation evaluated the uncertainty
as 0.42 ◦C (k = 1).
• Coating thickness - the maximum estimated ther-
mal gradient is 0.02 ◦C.
• Coating stability - a thermal cycling test (up to
50 ◦C) shows no evidence of any systematic drift with
repeated temperature cycles.
The uncertainty budget in Table 1 for the phosphor
thermometer is at the highest temperature setpoint. Tak-
ing the quadrature summation of the components results
in a final uncertainty of approximately 1.0 ◦C (k = 2).
6. Discussion
The objective of this study was to identify whether
the internal container temperature can be inferred from
the temperature of the vent. Using two thermometry tech-
niques – phosphor thermometry and thermal imaging – the
internal temperature was demonstrated to be proportional
to the vent temperature as measured by each instrument;
this is clear from Figure 7. Figure 7 shows clearly the
agreement between the phosphor and LWIR thermometry
approaches within the measurement uncertainty; however
there is a growing disparity between the two at higher tem-
peratures. The correlation between vent temperature and
PRT temperature is not one-to-one. However it is linear
and given suitable characterisation both instruments could
provide robust indication of the internal bulk temperature.
The emissivity of the uncoated vent was estimated to be
close to 0.9, so the apparent temperatures measured by
the LWIR imager were lower than that from the phosphor
thermometer.
From the initial LWIR measurements, it was shown
that within the measurement uncertainty there is no ob-
servable angular dependence of the low emissivity vent
temperatures (Figure 5). However an improved capability
may show the angular (non-lambertian) variation of emis-
sivity (bi-direction reflectance distribution function [6]).
However this appears to depict the competing effects of
geometrical enhancement of the vent and the specular be-
haviour of the vent surface.
For the lower uncertainty MWIR measurements, a clear
difference between the high emissivity and low emissiv-
ity vents at the two angles of incidence is apparent (Fig-
ure 10). The behaviour indicates that at the −50° po-
sition the geometrical enhancement of emissivity brings
the coated and uncoated effective emissivities up to simi-
lar values, indicated by the small temperature differences.
This suggests that it is practical, and even preferred, to
measure the vent temperature using a thermal imager at a
shallower angle from the plane of the container lid in this
case.
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Figure 10: For each setpoint measured by the MWIR, the difference
between the temperatures measured at the high emissivity and low
emissivity vents is plotted (Thighε−Tlowε). The divergent behaviour
indicates that at the −50° position the geometrical enhancement of
emissivity brings the two effective emissivities up to similar values.
7. Conclusion
The data presented in this report demonstrate the rela-
tionship between the temperature within an ILW container
and the surface temperature as measured by a phosphor
thermometer and two different wavelength thermal im-
agers. Both thermometry techniques displayed a similar
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Table 1: Uncertainty budget for temperature measurements. This depicts the uncertainty budget for the highest temperature setpoint. For
measurements at lower temperatures, these values will have been smaller.
Source of Uncertainty
Estimate
/ ◦C Dist. Divisor
Uncertainty
(k = 1) / ◦C
Contact thermometer
Tolerance 0.24 R
√
3 0.14
Calibration 0.04 R
√
3 0.03
Ice point repeatability 0.01 R
√
3 0.01
Stability 0.06 N 1 0.06
Expanded uncertainty (k = 2) 0.31
LWIR thermal imager
Calibration 0.90 N 2 0.45
Sensor stability 0.12 N 1 0.12
Repeatability 0.38 N 1 0.38
Non-uniform emissivity 0.49 N 2 0.24
Expanded uncertainty (k = 2) 1.30
MWIR thermal imager
Calibration 0.15 N 2 0.08
Sensor stability 0.00 N 1 0.00
Repeatability 0.05 N 1 0.05
Non-uniform emissivity 0.40 N 2 0.20
Expanded uncertainty (k = 2) 0.44
Phosphor thermometer
Standard uncertainty 0.24 N 1 0.24
ITS-90 calibration and
surface extrapolation
0.42 N 1 0.42
Coating thickness
variation
0.02 R
√
3 0.01
Coating stability 0.00 R
√
3 0.00
Expanded uncertainty (k = 2) 0.97
linear correlation to the internal temperature. The an-
gle of incidence for thermal imagers was shown to have
a minor effect on the correlation, however it did high-
light the geometrical enhancement of the vent geometry
and demonstrated the lower measurement uncertainty for
shallow angle measurements.
The largest contributor to the uncertainty of the ther-
mal imaging measurement arises from the unknown sur-
face emissivity of the vent. Providing the emissivity of the
vent could be measured, it would be possible to reduce this
component and so reduce the overall temperature measure-
ment uncertainty.
Both phosphor and thermal imaging techniques suc-
cessfully measured the correlation between the internal
temperature of an ILW container and that of the exter-
nal vent. It appears possible with appropriate engineer-
ing for these approaches to provide traceable temperature
measurement for ILW vents and possibly containers.
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